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[57] ABSTRACT 

A pulse width modulation (FWM) optical disk drive cali- 
brates the write and preheat pulse patterns generated by the 
laser to a particular media and media condition. This is 
accomplished by either reading information prewritten on 
the media, which indicates the expected thermal 
interference, or by directly measuring the thermal interfer- 
ence from a calibration sequence recorded when new media 
is inserted into the disk drive. The direct measurement of 
thermal interference is performed by first trial writing a 
specific calibration sequence of marks and gaps on the 
media. This calibration sequence, called the E(th) sequence, 
is then read back and the thermal interference value, E(th), 
is calculated. The specific write and preheat pulse patterns 
are then adjusted, as a function of the calculated value of 
E(th), by selecting new sets of write and preheat pulse 
patterns. The new sets of write and preheat patterns are 
selected from a look-up table that correlates the correct 
pattern sets with the measured value of E(th). 

19 Claims, 15 Drawing Sheets 
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PULSE WIDTH MO DULATION OPTICAL thermal preheating caused by thermal buildup, the gap may 

DISK DRIVE WITH ADJUSTABLE PULSED be so long that there is excessive cooling of the data layer so 

LASER WRITE AND PREHEAT PATTERNS that the data layer does not reach the required temperature at 

_____ the precise time to write the submark forming the leading 

TECHNICAL FIELD 5 edge of me next ^ PWM ^ gap lengths also 

This invention relates in general to pulse width modula- vaTV so the effect of thermal preheating and cooling on 

tion (PWM) optical disk drives, and in particular to such placement of the subsequent mark leading edges depends on 

disk drives that generate preheat pulses in the gaps between toe type of mark previously written as well as the length of 

PWM mark-s to allow accurate placement of PWM mark ^ S a P* Under these conditions of thermal preheating or 

edges. to cooling of the data layer caused by the prior write history, 

errors occur in the placement of the leading edges of marks. 

BACKGROUND OF THE INVENTION The problem of precise placement of mark edges becomes 

Optical disk drives provide for the storage of great more secant as the linear density of the subinarks 

quantities of data on a disk. The data is accessed by focusing mcreases and me s P adn g between the submarks decreases 

a laser beam onto the data layer of the disk and then 15 ^cause the peak temperature of the thermal interaction in 

detecting the reflected light beam. me ^ hver leases. In addition, each type of optical 

Magneto-optical (M-O) systems write data by directing a medk ^ S * ™ *™ cl ^ s ° ^Foblems of 

laser to a spol on the data layer to heat it aboVe its Curie " 8 ^ 0n 

temperature while the magnetic domain of the spot is „ W g 

oriented in either an up or a down direction by an external 20 BM ' S U ' S - Pat No - 5,400,313 describes a PWM optical 
magnetic field. The data is read by directing a low power ^ sk **** ^ ***** theat F°Mems by using a modulator- 
laser to the data layer. The differences in magnetization contr °Hed laser to emit the laser beam in a highly pulsed 
direction of the spots cause the plane of polarization of the manner The ^am may be pulsed on any given write clock 
reflected light beam to be rotated either clockwise or coun- P^ 0 * 1 and * ^ of several different power levels. The 
terclockwise. This change in orientation of polarization of pulsed kscr Wlites «s«eatialJy circular submarks of substan- 
the reflected light is then detected Magnetic super resolu- same size on whcn te P° wer level * 
tion (MSR) M-O media operates in the same manner as sufficientl y Hie various PWM mark run-lengths are 
conventional M-O media but uses at least two magnetically re «>rae<* on the disk either as a single isolated submark in 
coupled magnetic layers and requires a much higher laser m &e case of me shortcst run-length or as a series of contigu- 
power to read the data. Direct overwrite (DOW) M-O media ous OT ovcriapping submarks in the case of longer run- 
uses at least two magnetically coupled magnetic layers and 1BMg aPP^on Ser. No. 08/342,196, filed Nov. 
allows erasure of data and writing of new data to occur in the , 18 ' 1994 ' Ascribes a PWM disk **ve where the optical disk 
same disk rotation. 1S P rcneate( * during the intervening PWM gap run-lengths by 

„L Mft Annftft ' .„ a + u , a- ^ *u i a series of pulses at a power level below that which would 

f f 5 + ^ te ^ b y^^g &e ^f to 35 write a submark on the dfck. Both the number and duty cycle 

a spot on the data layer to cause a sectoral change of the of mese ^ ^ fa M d *^ Q ™™Zlof 

data layer, typically from a crystalline phase to an amor- - nm * , J: ^ ^ 7 . .7, ? , 

, J . 9 J tL 1 . , 7 , . F . ~~ . ; the PWM gap run-length to ensure that the initial submark 

materials, such as BuTe, and Sb^Se-,, to form an amorphous f< Z~Jr j- £ i * it _ 

I, . , A , i » « • . me mark leading edges. When even finer control of the 

alloy in the data layer. In alloying systems the data is . ^ . & . f ^ . . , , 

det^das^ge^^^ ^^SJiSa^BS^ffi 

alloying media are used as write-once read many (WORM) , K f JT^L . . ^ j V ^ ^7 

P^ge „ a,so used as^tS 45 ^^^^XgT^St'a 0 ?/^ 

T ',^ 4 _ . ^ preceding mark run-length. Unfortunately, the exact pattern 

In all of mese types of systems the writing of data thus of ^ ^ preheat pulses required to ^t^y po sitioil ^ 

occurs due to laser heating of the material in the data layer. leading and trailing edges of the marks on the optical disk 

Pulse width modulation (PWM) is one way to write data vary depending on many variables, such as the type of 

as marks on optical disks. In PWM, a mark can be either an 50 media, the particular media composition and the disk manu- 

individual spot (also called a submark) or a series of facturer. 

overlapping or contiguous submarks. PWM records info- what is needed is a PWM optical disk drive that reliably 

matron as the distance between the transitions or edges of the on mc ^ s0 ^ me ^ edges ^ ^eciseiy 

marks. A transition is either ^giiming (leading or end ^gned without the adverse effect of thermal preheating or 

(traihng) edge of a mark. PWM recording is difficult to 55 cooling) by ada ^ ^ ^ of ^ ^ ^ 

mmlement because the mark e4ges must be precisely posi- preheat pulses for the gaps to the particular disk being 

Honed and written with sharp boundaries to ensure accurate ust & * 
recording. The thermal buildup that occurs within the data 

layer in the gaps between the trailing edges and leading SUMMARY OF THE INVENTION 

edges of adjacent marks during the laser writing process can 60 The invention is a PWM optical disk drive that can adapt 

cause great distortions in the precise placement of the and calibrate its write and preheat pulse patterns to a 

leading edges. Thermal buildup occurs when there is insuf- particular media and media condition by either measuring 

ficient time between the writing of successive submarks in the thermal interference during recording or by reading 

a mark to allow the data layer to cool prior to the writing of information prewritten on the media which indicates the 

the next mark. Both an increase in disk drive data rate and 65 expected thermal interference during recording. The mea- 

an increase in linear data density on the disk are causes for surement of thermal interference is performed by trial writ- 

the insufficient cooling time. In addition to this problem of ing a specific calibration sequence of marks and gaps on the 
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media, hereafter referred to as the E(th) sequence, which DESCRIPTION OF THE PREFERRED 

tests for thermal interference, measuring of the thermal EMBODIMENTS 
interference term E(th), and adjusting the specific write and 

preheat pulse patterns through the use of a laser controlled Overview of the Optical Disk Drive 

by a programmable modulator. The new sets of write and 5 A diagram of an optical disk drive according to the present 

preheat patterns are selected from a look-up table that invention is shown in FIG. 1. The disk drive 100 uses an 

correlates the correct pattern sets with the measured value of optical ^ uo that contains a thermally responsive data 

E( m )* layer and may be a standard M-0 disk, an MSR M-0 disk, 

For a fuller understanding of the nature and advantages of a DOW M-0 disk, a WORM disk, or a rewriteable phase- 

the present invention, reference should be made to the 10 change disk. In the embodiment described with respect to 

following detailed description taken into conjunction with FIG. 1 disk 110 is a standard M-0 disk Disk 110 is mounted 

me accompanying drawings. to a spindle motor 116. An optical head 120 that directs and 

focuses a polarized light beam 152 from laser 150 is 

BRIEF DESCRIPTION OF THE DRAWING positioned below disk 110. The beam 152 is focused to a 

-. • I* -m j » if _ . t , J . 15 spot on disk 110 on a data track. Head 120 and thus laser 

FIG. 1 is a block oiagrain of the optical disk drive beam m fa movable ^ fl ^ ^^on to different data 

according to the present invention. tracks on disk 110 by a linear motor 122. A bias magnet 130 

FIG. 2 is a top view of the optical detector shown in FIG. is located above disk 110 and is connected to a bias magnet 

1 for generating focus, tracking and data signals. driver 132. Bias magnet 130 reorients the magnetic transi- 

FIG. 3 is a diagram of the circuits for the focus error 20 tions on the M-0 data layer on disk 110 when the M-0 data 

signal, tracking error signal and data signal layer is heated by the light beam 152. 

FIGS. 4A and 4B are schematic diagrams illustrating a Laser diode 150 produces a polarized light beam 152. Any 

typical embodiment of the laser beam pulse patterns for each type of laser may be used, however, laser 150 is preferably 

of the mark run-lengths and gap run-lengths, respectively, „ a 685 nm diode laser. light beam 152 is collimated by a lens 

allowed by the a\k constrained (1,7) RLL code. 154 and circularized by a circularizer 156, which is prefer- 

FIG. 5 is a schematic diagram mustrating the (1,7) mark ably a prism * 

run-lengths generated when the laser is pulsed as in FIG. 4A. Beam 152 men passes through a beamsplitter 158 to a 

FIGS. 6A and 6B are schematic diagrams illustrating a f™? ™' ^5 T 170 ?iff me ^^J 52 J™"* a 

preferred emb*^ 30 focus^^ 

fach of the mark run-lengths and gap ruVlengths, * e ,f **** * 72 » »™f** » * 174 

„ oe ^i xraU , «.n M1> .,i v„ A. a t ™ a >o n\ *a Holder 174 is movable m the axial direction relative to disk 

respectively, allowed by the d* constrained (2,7) RLL code. m by ^ actuator motQr 176 . 170 , lens m , holder 

FIG. 7 is a schematic diagram illustrating the (2,7) mark 174 and motor 176 are preferably located in the optical head 

run-lengths generated when the laser is pulsed as in FIG. 6A. 120. 

FIGS. 8A and 8B are schematic diagrams illustrating a As a result of ligh t beam 152 striking the disk 110, a light 

preferred embodiment of the laser beam pulse patterns for beam 180 is reflected from disk 110. Reflected light beam 

each of the mark run-lengths and gap run-lengths, 180 passes back through lens 172 and is reflected by mirror 

respectively, allowed by the djc constrained (1,7) RLL code 170. A portion of light beam 180 is then reflected by 

applicable to slow-cooling WORM optical media. ^ beamsplitter 158 to a second beamsplitter 190. Beamsplitter 

FIG. 9 is a schematic diagram illustrating the (1,7) mark 190 divides the reflected light beam 180 into a data beam 

run-lengths generated when the laser is pulsed as in FIG. 8A. 1^4 and a servo beam 196, 

FIGS. 10A and 10B are schematic diagrams illustrating a Data ^am 194 ^ scs through a half waveplate 200 to a 

preferred embodiment of the laser beam pulse patterns for Polarizing beamsplitter 202. Polarizing beamsplitter 202 

each of the mark run-lengths and gap run-lengths, « divides beam 194 into orthogonal polarization components, 

respectively, allowed by the djc constrained (1,7) RLL code A first polarization component beam 204 is focused by a lens 

applicable to light modulated DOW optical media. 206 to a **** detector 208 and a second polarization com- 

tjt/~* n . . .. .„ . ^ , ponent 210 is focused by a lens 212 to a data optical detector 

HO. 11 is a schematic ma^am illustrating the (1,7) mark m A ^ 2U u ^wcted to detectors 208 and 

run-lengths generated when the laser is pulsed as in FIG. ft 214 ^ genemes a pulse ^ modulation (pwm) data 

signal representative of the pattern of transitions recorded on 

FIG. 12 is a circuit diagram of the programmable laser disk 110. Data circuit 216 is connected to a read detector 217 

driver modulator shown in FIG. 1. that provides an edge detection signal on line 955 and a 

FIG. 13 is a circuit diagram of the laser driver shown in dock signal on line 933 to a PWM decoder 218. PWM 

FIG. 1. 55 decoder 218 converts the PWM signal to a digital data 

FIG. 14A and 14B arc schematic diagrams of the E(th) Read ^™ 217 * used to read 

sequence used to calibrate the laser writeand preheat pattern *^ TTZHF^ ?, ^. T^t 

for the djc constrained (1,7) RLL code. ment of E0h) and will be described in detail later with 

respect to FIG. 16. 

HO 15 is a flow chart showing the steps in writing the w Servo ^ w is focused b a lens 220 ^ a 

calibration sequences, reading the calibration sequences, mented ^ tical ^ctar 222, suc h as a spot size measuring 

and calculating a thermal interference value to adjust the - ^ k jj, the art A focus^ror signal (FES) 

write and preheat patterns. circuit 224 is connected to detector 222. A focus servo 228, 

FIG. 16 is a detailed block diagram of (he read circuitry as is known in the art, is connected to FES circuit 224 and 

for reading the calibration sequences to determine the mark 63 motor 176. Servo 228 controls motor 176 to adjust the 

and gap run-lengths as part of the adjustment of the write position of lens 172 as appropriate in order to maintain 

and preheat patterns. proper focus. A tracking error signal (TES) circuit 230 is 
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also connected to detector 222. A track and seek servo 232, (from threshold level to the higher write levels) responsive 
as is known in the art, is connected to TES circuit 230 and to the laser driver 254 and provides a pulsed light beam 152 
motor 122. Servo 232 causes motor 122 to adjust the at the desired power levels. Beam 152 is powerful enough to 
position of head 120 and thus light beam 152 radially heat the data layer of disk 110 to above its Curie tempera- 
relative to disk 110. 5 tare. At this temperature, the data layer of disk 110 may be 

FIG. 2 shows a top view of detector 222. Detector 222 is magnetically aligned in either an up or down direction* Disk 

divided into six sections* 222A, 222B, 222C, 222D, 222E HO is initially magnetically aligned in a first direction, 

and 222F. Controller 240 causes magnet control 132 to energize mag- 

FIG. 3 shows a circuit diagram of the FES circuit 224, the net !30 ^ me opposite direction to that of the disk: The 

TES circuit 230, and the data circuit 216. 10 desired data pattern is then recorded on the disk as changes 

FES circuit 224 comprises a plurality of amplifiers 300, ^ domain Mentations. 

302, 304, 306, 308 and 310 connected to detector sections M d* 3 ™* m 2, when beam 152 is exactly focused on 

222A, 222B, 222E, 222F, 222C and 222D, respectively. A 110 » servo 1)63111 1S *> wiU have a circular cross section 

summing amplifier 320 is connected to amplifiers 300-306 50 <> on detector 222. The sum of the amount of light hitting 

and a summing amplifier 322 is connected to amplifiers 308 15 areas C and D will be approximately equal to the sum of the 

and 310. A differential amplifier 324 is connected to sum- amount of light hitting areas A, B, E and F, which will cause 

ming amplifiers 320 and 322 and generates the FES. FES circuit 224 to generate a zero FES. If beam 152 is 

TES circuit 230 comprises a pair of summing amplifiers f focus one wav , « **** 196 ^ 

330 and 332, and a differential amplifier 334. Amplifier 330 have a 01055 secUon 502 or 504 on dctcctor 222. 

is connected to amplifiers 302, 306 and 310, and amplifier 20 This chan 8 e * 01058 secdon °* uscs ctca5t 224 to 

332 is connected to amplifiers 300, 304 and 308. Differential generate a positive or negative FES. The FES is used by the 

amplifier 334 is connected to amplifiers 330 and 332 and focus servo 228 ^ a to contro1 motor 176 10 move lens 

generates the TES. 172 until focus is again achieved. 

Data circuit 216 includes amplifiers 340 and 342 con- 25 If beam 152 is focused exactly on a track of disk 110, then 

nected to detectors 208 and 214, respectively. A differential servo ^am 196 will fall as a circular cross section 500 

amplifier 350 is connected to amplifiers 340 and 342, and equally between the sections A, C and E, and the sections B, 

generates the FWM data output signal representative of the D and F. If beam 152 is off track, beam 196 will fall more 

marks recorded on the disk 110. on sections A, C and E, and less on sections B, D and F, or 

Referring again to FIG. 1, a disk drive controller 240, as 30 versa : result in a positive or negative TES 

is known in the art, is connected to and provides overall bdn 8 P^ced by TES circuit 230. This TES is then used 

control for focus servo 228, track and seek servo 232, Jjf to *** seek servo 232 (FIG. 1) to control motor 

spindle motor 116, magnet driver 132, r*ograrnmable modu- J 22 * a * ust hcad 120 0D ^ k m until *e beam 

lator 252, laser driver 254, and a variable frequency clock 152 1S once on tracL 

242. Controller 240 is typically a dedicated microprocessor 35 During a read operation, controller 240 causes laser driver 

coupled to conventional ROM or other semiconductor 254 to energize laser 150 to generate the low power read 

memory storage that stores the program code instructions. level beam 152. Beam 152 hits disk 110. The low power 

Controller 240 adjusts the clocking speed of the clock 242 068111 docs not heat disk 110 to above its Curie temperature, 

as appropriate depending upon the position of head 120. The The reflected light 180 has its plane of polarization rotated 

clock 242 generates timing signals with a characteristic 40 one way or the other depending upon the magnetic domain 

clock cycle time, Tc, and controls the tuning of data reading orientations of the spots on the disk 110. These differences 

and writing in the disk drive. Variable frequency clock 242, to polarization are detected by detectors 208 and 214, and 

also called a frequency synthesizer, is well known in the art data circuit 216 outputs a PWM data signal to FWM decoder 

The spindle motor 116 is controlled to spin at a constant 218 that converts the signal back to a digital data signal, 

angular velocity and the linear velocity of light beam 152 45 

relative to disk 110 will vary depending upon the radial FWM RLL Encoding Data Patterns with Pulsed 

position of head 120. Preheating 

Clock 242 is connected to a PWM encoder 250. Encoder PWM recording uses the distance between transitions of 
250 receives a digital data signal from the host computer and recorded runs to encode digital data. The length between 
encodes it into the desired PWM code. In the preferred 50 transitions contains the information of the digital data. There 
embodiment, encoder 250 is a (1,7) run-length limited are many different encoding schemes known in the art which 
(RLL) PWM encoder. PWM encoders are well known in the may be used to encode digital data into PWM marks and 
art and implement a variety of FWM codes. An example of gaps. The most popular type of encoding schemes use 
a (1,7) encoder is described in IBM's U.S. Pat No. 4,488, run-length limited (RLL) codes. These RLL codes use a 
142 and an example of a (2,7) encoder is described in IBM's 55 small set of run-lengths, which when used in different 
U.S. Pat No. 3,689,899. Encoder 250 is connected to a combinations, encode any pattern of digital data. A run- 
modulator 252. Modulator 252 receives the PWM code and length is defined as either a) the distance between the leading 
causes the laser 150, via the laser driver 254, to write the edge of a mark, or series of connecting submarks, and the 
desired data patterns onto the data layer of disk 110. trailing edge of the mark (Le,, the mark 'iun-length"), or b) 

The operation of disk drive 100 will now be explained. 60 the distance between the trailing edge of a mark run-length 

During the write operation the encoder 250, with its timing and the leading edge of the subsequent mark run-length (ie., 

controlled by clock cycles from clock 242, encodes the , the gap run-length). RLL codes are defined in units of code 

digital data from the host computer into a PWM (1,7) RLL clock cycles Tc. In disk drive systems this time period Tc 

encoded digital data signal This encoded data signal is sent corresponds to the code bit length, Lc, which is the linear 

to the modulator 252 which converts it into instructions to 65 distance the disk rotates in the time period Tc. The RLL 

the laser driver 254 for writing the desired pulsed pattern codes are designated in the form (d, k), where d+1 is the 

according to the present invention. The laser 150 is pulsed minimum run-length (in time periods Tc) and k+1 is the 
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maximum run-length (in time periods Tc). For example, a pulse in the case of a 2 Tc mark run-length or the combi- 
(d ,k) constrained (1,7) RLL code has a minimum run-length nation of an A laser pulse with A, B, C, and/or P pulses in 
of 2 Tc and a maximum run-length of 8 Tc. In the application the case of longer mark run-lengths. The submark patterns 
of PWM recording to optical recording disk drives, the mark for mark run-lengths generated on the optical disk by the 
run-lengths are formed by local heating of the disk resulting 5 laser pulse profiles shown in FIG. 4A is shown in FIG. 5. 
from absorption of laser radiation. The gap run-lengths The laser power level A is adjusted so that the 2 Tc mark is 
correspond to the spaces or gaps between successive mark the correct length. As is known in conventional disk drives, 
run-lengths. this is done during the drive 1 s laser power calibration routine 
The technique of accurately forming leading and trailing by writing a predetermined data sequence and then measur- 
edge submarks is called edge writing and a complete 10 ing the read-back signal amplitude by one of several known 
description of the laser pulsing pattern (laser irradiation techniques. The calibration is typically performed at disk 
profile) required to generate all the mark and gap run-lengths drive start-up and/or at periodic intervals during drive opera- 
required by a particular code is called an edge writing tion. 

algorithm for that particular code. For example, FIGS. 4A Mark run-lengths>2 Tc require at least two laser pulses: 

and 4B illustrate an edge writing algorithm for a (1,7) RLL an A laser pulse to form the leading edge submark and either 

code. The written patterns, as shown in FIG. 5, use the 15 aC pulse (in the case of the 3 Tc mark run-length) or an A 

absolute minimum number of circular marks to write the pulse (in the case of mark run-lengths greater than 4 Tc) to 

desired mark run-lengths. Where the submarks must overlap form the trailing edge submark. The power level C is 

by Lc, as in the 5 Tc mark run-length, the second submark adjusted so that the 3 Tc mark is the correct length. This C 

is written at a reduced power level. Where there are three or pulse is required because thermal preheating of the optical 

more submarks, and an overlap must occur, as in the 7 Tc 20 disk by the preceding A pulse would otherwise cause the 

mark run-length, the overlap does not occur on the trailing trailing edge submark of the 3 Tc mark run-length to be 

edge circular submark. This helps ensure that the trailing positioned beyond its desired precise location on the disk: 

edge, which is most susceptible to the thermal buildup, will The pulses used to write leading and trailing edge submarks 

be accurately positioned. As a special case the 3 Tc mark are called "edge" writing pulses. Each of the edge writing 

run-length, which is comprised of two circular submarks, 25 pulses forms a substantially circular submark of length 2 Lc 

utilizes a special power level C to ensure that this mark on the optical disk. Whenever the mark run-length is greater 

run-length is accurately written, than 4 Tc (i.e., the length of two contiguous submarks 

FIGS. 4A-4B show a schematic diagram of the set of formed by successive leading and trailing edge writing 

recording patterns (laser irradiation profile) that implements pulses), additional write pulses are required These addi- 

a (1,7) RLL code and that uses preheat pulses between 30 tional called "filler" writing pulses because they 

writing pulses and during the gap run-lengths. This profile is 310 used t0 mtT submarks connecting the leading and 

intended for use in standard M-O recording systems but is tr^g ^ submarks. When the difference between the 

extendable with minor modifications to other optical record- particular mark run-length (mark run-lengths are designated 

ing systems such as those that use WORM, rewriteable f^KfT^ 0 * ^^cwheremis anmteger) 

phase-^ 35 ^n o^J 

0TO.4B) of 2 Tc to 8 Tc. The laser can be pulsed to any of ^ is shown for ^ *" Tc ^ ? Tc ^^^^ 

four discrete power levels above the threshold level (these 5. In ada^on, when (m-^) is even and m>4,(m4)/2B filler 

power levels are designated as A, B, C, and P in FIGS. p^s) are used to form contiguous submarks contiguous 

4A-4B), where A^B^OP. When the laser is not at the A, 40 with the leading and trailing edge submarks. This is shown 

B, C, or P power level, it is operating at a 'tracking" power for the 6 Tc and 8 Tc mark run-lengths in FIG. 5. The power 

level which is as low as possible. In the preferred embodi- level B is adjusted so that the 8 Tc mark is the correct length, 

ment the laser current during this time is equal to the This B pulse is required because thermal preheating of the 

threshold current for lasing and the laser power is less than optical disk by a series of preceding filler pulses would 

0.5 mW. Laser pulses at power levels A, B, and C are of 45 otherwise cause the trailing edge submark of the 8 Tc mark 

sufficient intensity to produce substantially circular marks in run-length to be positioned beyond its desired precise loca- 

the optical disk during laser irradiation and as such are tion on the disk. Finally, when m>4 both the trailing edge 

referred to as writing pulses. Laser pulses at power level P pulse and any B level filler pulses are irnmediately preceded 

are not of surf dent intensity to produce marks in the optical by a P preheat pulse of duration 0.5 Tc. This is shown in FIG. 

disk and as such are referred to as preheat pulses since they so 4 A. 

serve only to locally heat the disk. In optical disk drives, the The preheat pulses shown in FIGS. 4A-4B serve two 

time duration of the writing pulse is as short as possible and purposes. First, when writing mark run-lengths (FIG. 4A) 

typically around 10-20 ns. It is usually selected to be they increase the ambient temperature of the optical disk, 

between approximately 30% of Tc at the disk innermost which reduces the power required in the A, B, and C writing 

track and 60% of Tc at the disk outermost track. In the 55 pulses. This is accomplished by applying preheat pulses on 

preferred embodiment Tc=35 ns at the disk innermost track all write clocks which do not have a writing pulse, i.e., 

and Tc=17.5 ns at the disk outermost track Both the number during all clocks of a gap run-length and during clocks of a 

and duty cycle of the preheat pulses is variable. The duty mark run-length which do not have an A, B, or C writing 

cycle spans the range between 0% and 100% of Tc. In the pulse. In the art prior to IBM's previously cited related 

preferred emrxxiimentu^ 60 application, a contmuous low level laser power is applied to 

discrete values of 0%, 50%, and 100% of Tc to simplify the the media at a laser power level called the tracking level, 

circuitry needed to modulate the laser. These discrete values which is typically 1.5 mW. In the present invention, the laser 

of P pulse width provide siif&cient flexibility in preheat to power is applied only on clocks where no writing pulse 

ensure adequate edge placement regardless of the particular occurs and then as discrete preheat pulses of length 0.5 Tc 

gap run-length. 65 at the P power level, which is set at the rninimum level 

As shown in FIG. 4A for the case of a (1,7) RLL code, required to provide adequate prehearing, Le., approximately 

mark run-lengths are formed by either an isolated A laser 2 mW. 
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The second purpose served by the preheat pulses is that 
during the gap run-lengths (HG. 4B) they control the 
ambient temperature of the optical disk during the subse- 
quent leading edge writing pulse of a mark run-length. This 
control is required to compensate for the effect of preheating 
of the optical disk by the immediately preceding trailing 
edge writing pulse. This is accomplished by varying the 
amount of preheat (duty cycle of the preheat pulses) applied 
in each gap run-length as shown in FIG. 4B. First, preheat 
pulses are omitted during the last write clock in all mark 
run-lengths (see dashed "pulses" representing omitted pre- 
heat pulses in FIG. 4A). This allows the optical disk to 
rapidly cool after the trailing edge writing pulse. Second, as 
shown in FIG. 4B, preheat pulses are either omitted (0% 
duty cycle) as in the case of 2 Tc and 3 Tc gap run-lengths 
or extended (100% duty cycle) as in the case of 7 Tc and 8 
Tc gap run-lengths. Tnis ability to vary the duty cycle of the 
preheat pulses allows tailoring of the preheating to each gap 
run-length to ensure that the subsequent leading edge writ- 
ing pulse forms the leading edge submark at the proper 
precise position on the optical disk. The specific set of 
preheat pulse patterns shown in FIGS. 4A-4B represent 
patterns that are appropriate for most current M-0 media. 
The exact number and placement of added or deleted preheat 
pulses is adjusted for a particular media to ensure accurate 
mark and gap run-lengths. Examples of extending this 
procedure to other media types will be shown and explained 
in FIGS. 8A-SB and 9 for WORM media and in FIGS. 
10A-10B and 11 for DOW M-0 media. The pulse writing 
and preheat scheme depicted in FIGS. 4A and 4B is sum- 
marized in Table 1 below, which shows the set of write 
patterns for the mark run-lengths and the set of preheat 
patterns for the gap run-lengths. 

TABLE 1 



Laser Pulse Patterns for FIGS. 4A and 4B 



Run 
Length 


Laser Pulse Patterns 


Mark 


Gap 


2T 


AT 


FT 


3T 


ACT 


PPT 


4T 


APAT 


PPPP 


5T 


ACPAT 


PPPPP 


6T 


APBPAT 


PPPPPP 


7T 


ACPBPAT 


PPPPEEP 


8T 


APBPBPAT 


PPPPPEEP 



la Table 1, A, B, and C represent write pulses at their 
respective power levels, T represents a preheat pulse with 
0% duty factor (i.e., no preheat pulse),P represents a preheat 
pulse with 50% duty factor, and, E represents a preheat pulse 
with a 100% duty factor (i.e., an "extended" preheat pulse). 
While in the preheat pulsing example as described and 
shown in FIG. 4B, there is only one preheat pulsing pattern 
for each gap run-length, it may also be desirable to provide 
multiple preheat pulsing patterns for each gap run-length, 
where the specific pattern is selected based on the run-length 
of the mark just preceding the gap. This is because each 
mark run-length (such as those shown in FIG. 4A) may 
result in a slightly different temperature in the media imme- 
diately following the writing of the last submark in the mark. 
With this type of gap preheat pulsing, dependent on the 
specific pattern preceding the gap, the location of the leading 
edge of the next mark can be further optimized. 

As explained above, a (1,7) RLL code is used and only the 
2 Tc-8 Tc run-lengths are needed. However, any number of 
(d£) RLL codes can be used For example, FIGS. 6A-6B 
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show a schematic diagram of the recording pattern (laser 
irradiation profile) of the present invention that implements 
a (2,7) RLL code. This profile is intended for use in standard 
M-0 recording systems but is extendable with minor modi- 

5 fixations to other optical recording systems such as those 
that use WORM, DOW M-0 and MSR media. The code is 
a set of mark run-lengths (FIG. 6A) and gap run-lengths 
(FIG. 6B) of 3 Tc to 8 Tc. The laser can be pulsed to any of 
four discrete power levels above the threshold level (these 
power levels are designated as A, B, C, and P in FIGS. 

10 6A-*B), where A£B*OP. 

As shown in FIGS. 6A-6B for the case of a (2,7) RLL 
code, mark run-lengths are formed by either an isolated A 
laser pulse in the case of a 3 Tc mark run-length or the 
combination of an A laser pulse with A, B, C, and/or Ppulses 

15 in the case of longer markran-lengths. The submark patterns 
for mark run-lengths generated on the optical disk by the 
laser pulse profile in FIG. 6A is shown in FIG. 7. The power 
level A is adjusted so that the 3 Tc mark is the correct length* 
Mark run-lengths >3 Tc require at least two laser pulses: an 

20 A laser pulse to form the leading edge submark and either a 
C pulse (in the case of the 4 Tc mark run-length), a B pulse 
(in the case of the 5 Tc mark run-length), or an A pulse (in 
the case of mark run-lengths >6 Tc) to form the trailing edge 
submark. The power level C is adjusted so that the 4 Tc mark 

^ is the correct length and the power level B is adjusted so that 
the 5 Tc mark is the correct length. These B and C pulses are 
required because thermal preheating of the optical disk by 
the preceding A pulse would otherwise cause the trailing 
edge submark of the 4 Tc and 5 Tc mark run-lengths, 
respectively, to be positioned beyond their desired precise 

30 location on the disk. Each of these edge writing pulses forms 
a substantially circular submark of length 3 Lc on the optical 
disk. Whenever the mark run-length is greater than 6 Tc (i.e., 
the length of two contiguous submarks formed by successive 
leading and trailing edge writing pulses), additional write 

35 pulses are required. When the difference between the par- 
ticular mark run-length and 4 Tc is a multiple of 3 clocks, 
i.e., (m-4)/3=n where m>4 and n is an integer, then a C 
writing pulse is used to form a submark that overlaps the 
leading edge submark by 2 Lc, as shown for the 4 Tc and 7 

40 Tc mark run-lengths in FIG. 7. In addition, when (m-5) is 
multiple of 3, i.e., (m-5)/3=n where m>5 and n is an integer, 
then a B writing pulse is used to form a submark that 
overlaps the leading edge submark by Lc, as shown for the 
5 Tc and 8 Tc mark run-lengths in FIG. 7. Finally, when 

45 m^5, A trailing edge writing pulses are immediately pre- 
ceded by two P preheat pulses of duration 0,5 Tc (6 Tc, 7 Tc 
and 8 Tc mark run-lengths in FIG. 6 A) and B writing pulses 
are immediately preceded by one P preheat pulse of duration 
0.5 Tc (8 Tc mark run-length in FIG. €A). The pulse writing 
and preheat scheme depicted in FIGS. 6A and 6B is sum- 

50 marized in Table 2 below. 

TABLE 2 



Laser Pulse Patterns for HQS. 6A and 6B 



Run Laser Pulse Patterns 



60 



Length 


Mark 


Gap 


3T 


ATT 


PIT x 


4T 


ACTT 


PPPT 


5T 


APBTT 


PPPPP 


6T 


APPATT 


PPPPPP 


7T 


ACPPATT 


PPPPFEP 


8T 


APBPPATT 


PPPPPEEP 



65 The set of preheat pulse patterns shown in FIGS. 6A-6B 
serve the same purposes described above. Gap run-length 
dependent preheating is accomplished by varying the 



12/18/2003, EAST Version: 1.4.1 



5,631,887 



11 



12 



10 



amount of preheat (duty cyde of the preheat pulses) applied 
in each gap run-length, as shown in FIG. 6B. First, preheat 
pulses are omitted during the last two write docks in all 
mark run-lengths which permits the optical disk to rapidly 
cool after the trailing edge writing pulse. Second, as shown 
in FIG. 6B, preheat pulses are either omitted (0% duty cyde) 
as in the case of 3 Tc and 4 Tc gap run-lengths or extended 
(100% duty cyde) as in the case of 7 Tc and 8 Tc gap 
run-lengths. This permits tailoring of the preheat to each gap 
run-length to ensure that the subsequent leading edge writ- 
ing pulse forms the correct leading edge submark at the 
proper predse position oh the optical disk. 

FIGS. 8A-8B and 9 illustrate a (1,7) RLL edge writing 
algorithm and the resulting sets of patterns applicable to a 
phase-change type WORM optical disk This disk can be 
characterized by strong short range thermal interactions 15 
between adjacent submarks. This is shown in FIG. 8Afor the 
3 Tc mark where the A power level pulse is followed 
immediately by a C power level pulse. Thus the C power 
level for this disk is significantly less than the C power levd 
for the M-0 disk The phase-change WORM disk is also 20 
characterized by very little thermal interaction in the gaps 
between marks. Hence, the P preheat pulses in the mark 
run-lengths are used only to reduce the power levels 
required for the writing pulses; ie., the A, B, and C power 
levels. A filler writing pulse at the C power level is used on 
the second clock of all odd mark run-lengths to compensate 
for the strong short range thermal interaction with the 
leading edge writing pulse of the odd mark run-lengths. The 
C power levd is chosen such that the 3 Tc mark run-length 
is written correctly. Likewise, because there is very little 
thermal interaction, a B pulse is used for all filler and trailing 
edge writing pulses for mark run-lengths greater than 3 Tc. 
The B power level is a 2 Tc extension pulse because it 
extends the length of any prior mark by 2 Tc when written 
contiguously with the preceding writing pulse. Trie B power 
level is chosen such that the 8 Tc mark run-length is written 
correctly. As in the case of FIG. 4A, the final preheat pulse 
of every mark run-length is omitted to permit rapid cooling 
of the trailing edge writing pulse. Finally, as shown in FIG. 
8B, the reduced thermal interaction allows for a 50% of Tc 40 
duty cycle preheat pulse during every clock of all gap 
run-lengths. The pulse writing scheme depicted in FIGS. 8A 
and 8B is summarized bdow. 



25 



30 



35 



pulses in the gap run-lengths are increased. As shown in 
FIG. 10B, during the final two docks of all gap run-lengths 
the laser is pulsed at 100% and 50% of Tc, respectivdy. This 
pulse pattern is identical to the 2 Tc gap run-length pattern. 
The 50% of Tc preheat pulse is used to control the cooling 
of the disk prior to the leading edge writing pulse, thereby 
increasing the thermal gradient and improving the writing of 
the leading edge mark/submark of the following mark 
run-length. Gap run-lengths greater than 2 Tc require addi- 
tional preheat pulses. Fox even gap run-lengths the preheat 
patterns are repeating blocks of the 2 Tc gap run-length 
pattern. For odd gap run-lengths the first dock of the 
run-length is a 50% of Tc preheat pulse followed by the 
correct number of 2 Tc gap run-length pattern preheat pulses. 
This leaves periodic cooling times of 0.5 Tc in the gap 
run-lengths which limits the thermal buildup in the gaps. 
This limits side erasure and improves laser power margins 
by limiting the temperature excursion of the media during 
the gap run-lengths while still ensuring adequate on-track 
erasure. The process of serration by pulsed preheating 
causes the media temperature to oscillate between an upper 
and lower temperature during the gap run-length. By 
comparison, where there is no pulsed preheating in the gaps 
but rather an essentially constant preheat power level until 
just before writing the next mark (Le., 100% duty cycle for 
all but the last clock in a gap run-length), the difference 
between these temperatures is much larger. Thus serration of 
the laser power by preheat pulsing results in a much smaller 
difference in media temperature between the start and step of 
a gap run-length. The pulse writing and preheat scheme 
depicted in FIGS. 10A and 10B is summarized bdow. 

TABLE 4 

Laser Pulse Patterns for FIGS. 10A and 10B 



Run 



Laser Pulse Patterns 



TABLE 3 



45 



Length 


Mark 


Qap 


2T 


AT 


EP 


3T 


ACT 


PEP 


4T 


APAT 


EPEP 


5T 


ACPAT 


PEPEP 


6T 


APBPAT 


EPEPEP 


7T 


ACPBPAT 


PEPEPEP 


8T 


APBPBPAT 


EPEPEPEP 



Laser Pulse Patterns for FIGS. 8A and 8B 



Run 



Laser Pulse Patterns 



Length 


Mark 


Gap 


2T 


AT 


PP 


3T 


ACT 


PPP 


4T 


APBT 


PPPP 


5T 


ACFBT 


PPPPP 


6T 


APBPBT 


PPPPPP 


7T 


ACPBPBT 


PPPPPPP 


8T 


APBPBPBPT 


PPPPPPPP 



50 



FIGS. 10A-10B and 11 illustrate a (1,7) RLLedge writing 
algorithm and the resulting sets of patterns on the optical 
media applicable to a light modulated DOW M-0 type 
optical disk. During overwriting, this disk requires that the 
minimum media temperature of the data layer be high 
enough to ensure adequate erasure of previous data. Hence 
the P power level is selected to be considerably higher than 
that for the other types of optical media. To accomplish this, 
both the P power level and the duty cycle of the preheat 



All mark run lengths (FIG. 10A) are written the same as in 
FIG.4A. 

Operation of the Programmable Modulator and 
Laser Driver for Programmed Pulsed Writing and 
Preheating 

FIG. 12 is a circuit diagram of a preferred embodiment of 
the programmable modulator 252 mat implements the edge 

55 writing algorithm shown in ETGS. 4A-4B for a (1,7) RLL 
code. The logic circuitry is a programmable state machine 
that detects the mark/gap run-lengths from PWM encoder 
250 (FIG. 1) and pulses the laser accordingly through 
outputs to laser driver 254 (FIG. 1). Modulator 252 com- 

60 prises a clock buffer 600, a multiplexor 602, a plurality of 
shift registers 604 and 614, a priority encoder 606, a toggle 
flip-flop 608, logic gates 618 and 620, a high speed pro- 
grammable RAM 612, a resettable latch 616, a plurality of 
D flip-flops 628, 638, 648, and a plurality of single-shots 

65 630, 640, 650, The modulator 252 provides modulation 
signals for the laser driver 254 to drive the laser 150 at any 
of three distinct pulse writing power levels (A, B or Q and 
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a single preheat power level (P). The laser power levels are cleared by clockbar (clock with bar over it as shown in FIG. 

defined by the laser driver 254. Modulator 252 also gener- 12) in the case of an A, B, or C pulse, thereby allowing 

ates the 0%, 50%, and 100% of Tc preheat pulse widths. single-shot 650 to be retriggered on the next clock cycle if 

Modulator 252 receives the data signal from encoder 250 required. If RAM 612 indicates a P pulse is to occur on a 

and converts it into instructions to the laser driver 254 for 5 particular clock cycle, D flip-flop 638 is set, single-shot 640 

writing the pattern, including the preheat pulse pattern. The is triggered and line 708 to the laser driver 254 is strobed for 

output of flip-flop 608 is either a "1" state (indicating a timeTc/2 via OR gate 620. Similarly, if RAM 612 indicates 

mark) or a t( 0" state (indicating a gap). Output lines 700-708 an E pulse is to occur on a particular clock, D flip-flop 648 

lead to the laser driver 254. lines 702, 704, 706 select the is set, single-shot 630 is triggered and line 708 to laser driver 

power level A, B, and C, respectively, while line 700 is 10 254 is strobed for time Tc via OR gate 620. 

J^w fOT ^l" 00 0f *? actua J writc l p * se J (Le " ^ The output of D flip-flop 638/628 is cleared by clockbar 

TW) Une 708 selects ; a preheat jmlse and has duration of in the case of an E/P pulse, thereby allowing single shot 

? 'inSv° r - ^ It' A F ? Ca ! ^ Se ^ P ^ 1 f VCl P 630/640toberetriggeredonfcenex^^^ 

for 100% Tc is designated as an E pulse in FIG. 12. Only one respectively 

of the lines 702, 704, 706, or 708 will beraised at a time and 15 J™ „ * . . + ni ^ . . 

this informs the laser driver 254 which power level to use. 13 \ s f a ™ , dm ^ ^^L^ 

Thesmgle-shot650controkmeduratiorof the laser pulse 0f ? S *^**"\ ^ * 

for writing pulses A, B and C. Single-shot 640 setVthe * lun ** *%F^ZZ£^*?r^ * & 1° 8 

duration of the P pulse at Tc/2 and single-shot 630 sets the <° ACs 7< ^ 76 *' a of C ™i?^ S 

duration of the EpSht at Tc. While the outputs of single- 20 md a J ? ***** .transistor pairs 780-786 The 

shots 630 and 640 scale with Tc, the output of single-shot ^2*. "T^S* r ? > 2 ^ 

650ismdependentofTcandissetby^^ 7 f°- 7 ? 8 ™ a ^ 75 * Contro ^ ™ ^t? the current evel 

to a preferred value. This writing pulse duration Tw should of ^ h S ^% 7 !^™ ™ ^ as 1 SOC1 f d 

be as short as possible andis ar^oximately HW0 ns or less re ^ ^™ a £ DA ? 76 ™ l°I exa ^ le ^ en 

in the preferred embodiment Hie writing pulse duration Tw 25 IQC0I ^ d 15 read 240 sends f ^ 

mustbelessthanmeclockperi^^ re ^™ g ^^u^^^^l 

cnskThisdockperiodTcwmd^^ ^V^JJfn ^^^SOho^ todigiUlvalueand 

rotational speedknd is apr^oiely 35 ns at the disk provides it to DAC 760 which converts it to a corresponding 

innermost track in the Referred embodiment. Another J"** Slg " ch T*™? ** T kVd 

advantageofshortdurationlaserwritepmsesistto 30 t0 * * source 770. The read current 

a reduction in "jitter". Jitter is a measure of the deviation of S0Ur f ™ * USted to to aPP^** P^er level to 

the mark transitions from their ideal locations. suppiy to iaser 15W ' 

The operation of programmable modulator 252 is For me toser described above, the current sources 

explained as follows. The outputs of encoder 250 are a ^778 are adjusted to achieve the laser power level 

clocking line and two data lines. The first data line (at input 35 desired at * e media * The read <^ ent source 770 provides 

A of multiplexor 602) represents encoded data from encoder cu 5 ent sudl mat 150 **• not heat 1116 

250. The second data line (at input B of multiplexor 602) above lts 01116 temperature. Write current sources 772, 774 

represents unencoded data which has bypassed the encoder and 776 for P° WCT lcvds A, B and C, respectively, are set in 

250. This unencoded data stream is required since the conjunction with preheat current source 778 for power level 

calibration sequence used to determine the optimum preheat 40 p such mat ^ mark/gap run-lengths are written correctly 

pattern as described below is not a valid code sequence and ^cording to the patterns described above. lines 702, 704, 

hence cannot be generated by the encoder. The controller 706 from modulator 252 are connected via AND gates 790, 

240 selects via multiplexor 602 control line 696 which of 791 > 792 10 tRmsistor P 8 ^ 780 > 782 > ^ 784 > respectively, 

these two data streams is to be processed by the program- *™J?**^™ "H***"* current from the current 

mable modulator. The selected data stream is shifted bit by 45 sources 772 ' ™' m > respectively, to flow to laser 150 

Wttoto shift register 6<M and when mese lines are raised. Thus laser 150 wttl be raised to 

encoder 606 which encodes the run-length and presents the one f * c P ower ^ « C for the duration of 

result as the three lowest order address bits (AO, Al, A2) of *mgle-shot (in modulator 252 in FIG. 12) for write 

high speed programmable RAM 612. The highest order ^ sts md to & cheat P° wer levd p for of fte 

address bit (A3) for RAM 612 is derived from toggle 50 raised level of ^ 708 for ^ hcat P 1 ^* 58 ' as re <i uired t0 

flip-flop 608 which changes state each time a leading or ^ &e ? esi ? d 111 * e P^^ enibodiment, 

trailing edge is shifted through the shift register 604. The mth a ^ of 15 ns 01 less » ^ P° wcr 1^1 A is 

ouhput of flip-flop 608 thus represents whether a mark approximately 20 mW at the media and power level P is 

run-length or a gap run-length is being processed by the approximately 2 mW at the media, 

modulator 252. RAM 612 contains the mark run-length and 55 k operation, the read current source 770 is set to provide 

gap run-length laser pulse patterns, such as that shown in reac * current to laser 150 during read operations only; Le., it 

FIGS. 4A-4B and represented in Table 1, which are pro- is reduced to the laser threshold current for the duration of 

grammed via the controller lines 694 from controller 240. the write operation. Laser 150 is always either on at the read 

Any of the modulation patterns represented by Tables 1-4 power level (during reading and when not reading or 

could be programmed into RAM 612. The RAM data is 60 writing) or pulsing from the laser threshold level to power 

loaded with a one clock delay into shift registers 614 and levels A, B, C and P (during writing). This ensures there is 

clocked out to latch 616. If the data in RAM 612 indicates enough reflected light for correct focus and tracking servo 

that an A, B, or C power level pulse is to occur on a operation. 

particular clock cycle, OR gate 618 sets D flip-flop 648 _ v . . . . _ ^ t 

which triggers single-shot 650 to pulse line 700 while lines «s Calibration of the Laser Pulse Patterns 

702, 704, or 706, respectively, indicate the selected power In order to choose the correct laser pulse sequence to be 

level to the laser driver 254. The output of D flip-flop 648 is used on a particular media it is necessary to identify the 
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media type and to have a measure of me characteristic <Lsr> is the average of the two 5 Tc gap run-lengths in the 
thermal interference to be expected when recording on the written E(th) sequences, 
media. Trie media type can be obtained by reading infor- 
mation in the manufacturer' s reserved area of the disk which The operation of the system during measurement of E(th) 
contains embossed prerecorded information as is known in 5 is detailed in the flow chart of FIG. 15. First, at initial step 
the art. The characteristic thermal interference to be 900 the write and preheat patterns are calibrated when a new 
expected when recording on the media can be determined disk is inserted into the disk drive or when write errors have 
either from information contained in the manufacturer's exceeded some predetermined threshold. In the preferred 
reserved area of the disk, or more preferably, from direct ™u^jj_ * • * * • j «. , 
™ M <m~™*„f j„ • 7* i A . F ~7 V ' ZT. " embodiment E(th) is determined by actual measurement, 
measurement during actual drive operation. This direct 10 oUUll „ k n , , . . , , . ftA - „ ' - . . , * 

measurementrequiri trial writing of ^calibration sequence ^? 0Ugh at block 901 * read from 
on the media, reading of the sequence, and a measurement 

technique. Since it is likely that the E(th) sequence is not a valid code 

The preferred calibration sequence used to measure the sequence, it is programmed directly from the controller 240, 

thermal interference in the media is a repeating {4 Tc Mark, 15 bypassing the encoder 250 and injected directly into modu- 

5 Tc Gap, 2 Tc 5 Tc Gap} sequence. This sequence is lator 252 via multiplexor 602. At step 902 programmable 

f!ZL^i^ RAM 612 is loaded with the laser pulse patterns indicated in 

is shown in FIGS. 14A-14B. This is similar to the E(th) mr « AA Qe a . m . T . , * *~ 

sequence {4 Tc Mark, 6 Tc Gap, 2 Tc Mark, 6 Tc Gap} m 14A aS shown m Table 5 " 

known in the art which is used by disk manufacturers to 20 taut 

ensure that the media conforms to international performance TABLE 5 

standards. This latter E(th) sequence is related to the E(th) 

defined in FIGS. 14A-14B herein but is measured under 

specific controlled conditions which may be significantly 

different than those experienced in an actual optical disk 25 

drive. The preferred embodiment of the E(th) sequence 

described here is applicable to a d,k (1,7) RLL code but 

extensions to other djc codes is readily accomplished by 

those skilled in the art This pattern is chosen since it is 

optically symmetric and any asymmetry which is observed 30 

ihSJ!° P ^^v i ^ ere °^ be, ?:r ^ ^^P^ Inordertofindth e ApowerwhereEq.(2)hoIds ) th e E(lb) 

which are generally at the middle of the pattern and are used . it _ . . . . 

to form the submLks of the 4 Tc mark run-length (FIG. ^ded at varying A power levels on 

14B). The asymmetry is calculated as a thermal interference s ^ uential sectors of me °P**1 disk at step 903. Next, each 

value E(th) from the following formula: 35 of mese written calibration sectors is read at step 904. The 

quantity <L 57 > is measured at each sector and a least- 

Ui-Ut-itc Eq. (i) squares analysis is used at step 906 to determine the opti- 

7c mum A power level where Eq. (2) holds. Once this power is 

This equation is computed as an average of a number of determined, at step 908 the value of E(th) is calculated for 

E(th) sequences that have been written on the disk at an A 40 me E( m ) sequences written at this optimum A power level 

power level. The correct A power level is the one where the using Eq. (1). The term Tc needed for Eq. (1) is calculated 

average 5 Tc gap run-length is precisely 5 Tc in length: from Eq. (3) from the read back signal for the sequence 

<L CT >=5ib Eq.(2) written at the optimum A power level. 

45 Table 6 shows three sets of write patterns and three sets 

The value of Tc can be determined from the read back signal of preheat patterns corresponding to the various ranges of 

usin S : E(th) values for the case of M-0 media. At step 910 the 

correct sets of write and preheat patterns are selected from 

Tc = Ltr+ ** r * 2<t * 1> - l (3) a look-up table containing the data of Table 6, based on the 

1 50 value of E(th) measured in step 908. The look-up table is 

In the above equations, L 4T is the length of the 4 T mark stored in conventional ROM or other conventional storage 

run-length, L^is the length of the 2 T mark run-length, and, device accessible by controller 240. 

TABLE 6 

Laser Pulse Patterns for M-0 Media vs. E(th)(%) Value 



Laser Pulse Sequence for FIGS. 14A and 14B 


Run 




Laser Pulse Sequence 


Length 


Mark 


Gap 


2T 


AT 




4T 


APAT 




5T 




PPPPP 



js- 



Laser Pulse Patterns 


Run 


E(th) < 10% 


10%<E(th)<25% 




E(th) > 30% 


Length Mark 


Gap 


Mark 


Gap 


Mark 


Gap 


2T AT 


PP 


AT 


PT 


AT 


TT 


3 T ABT 


PPP 


ACT 


PPT 


ACT 


FIT 


4T APAT 


PPPP 


APAT 


PPPP 


APBT 


PPPT 


5T ABPAT 


PPPPP 


ACPAT 


PPPPP 


ACPBT 


PPPPP 


6T APAPAT 


PPPPPP 


APBPAT 


PPPPPP 


APBPBT 


PPPPPP 
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TABLE 6-continued 



Laser Pulse Patterns for M-O Media vs. E(lfaX%) Vahie 
Laser Pulse Patterns 



Run E(tfa) < 10% 10%<E(th)<25% E(th) > 30% 



Length Mark Gap Mark Gap Mark Gap 



7T ABPAPAT PPPPPPP ACPBPAT PPPPEEP ACPBPBT PPPPEEP 
8T APAPAPAT PPPPPPPP APBPBPAT PPPPPEEP APBPBPBT PPPPPEEP 



The pulse writing patterns are programmed into RAM 612 
at step 912. 15 

A first set of write and preheat pulse patterns is shown in 
Table 6 for E(th) between 10 and 25 percent Disks with 
measured E(th) between 1(1-25% are considered to be 
nominal and do not require modification of the write patterns 
or preheat patterns. Thus the sets of write and preheat 2 o 
patterns for media in this range of E(th) are identical to the 
sets shown in HGS. 4A-4B and Table 1. However, high 
E(th) disk media (greater than approximately 30%) require 
modifications of both the write and preheat patterns. High 
thermal interference media needs to cool more on short gaps, 
and therefore the modification of the preheat patterns is to 
remove preheat pulses in short gaps. Similarly the require- 
ment for more cooling means that the modification of the 
write patterns is to reduce the power level from A to B for 
submarks that are separated by 2 Tc. In contrast, low thermal 
interference media does not need to cool as much in the short 30 
gaps, and therefore no P power level pulses are removed in 
the short gap run-length preheat patterns (e.g., no T power 
levels are used in the 2 Tc and 3 Tc gap run-lengths). 
Similarly, no C power level pulses are needed in the write 
patterns for low thermal interference media. 35 

The specific patterns in Table 6 are determined experi- 
mentally by writing different sequences on disks with known 
values for E(th) and then selecting the sequence that best 
compensates for E(th) of known values. The selected opti- 
mum patterns are then stored in memory accessible by 40 
controller 240. When a new disk or disk type is used in the 
optical disk drive, or when a high number of data errors are 
detected with an existing disk, the procedure of FIG. 15 is 
run and the controller 240 uses the measured value of E(th) 
to enter a look-up table to select the correct write and preheat 45 
patterns to program RAM 612. 

While in the preferred embodiment the value of E(th) is 
measured from a series of E(th) sequences written onto the 
disk by the disk drive, it is also possible to determine E(th) 
from a thermal interference E(th) number prewritten on the 50 
disk by the disk manufacturer. This portion of the process is 
shown in FIG. 15 when the result of the "Measure E(th)?" 
decision block 901 is a "No". This is shown as step 914 in 
FIG. 15. In this method the disk drive manufacturer would 
use disks with different E(th) numbers to experimentally 55 
determine the correlation between the pre- written E(th) 
number and the optimum sets of write and preheat pulse 
patterns. The sets of patterns would then be stored in 
memory in the disk drive and when a E(th) number is read 
off a new disk, a look-up table is entered to select the correct go 
sets of write and preheat patterns to program into RAM 612. 

While the three sets of patterns shown in Table 6 are for 
M-0 media, the basic concept of using different sets of 
patterns selected according to measured values of E(th) is 
fully extendible to other media types. 65 

Steps 904 and 908 require reading the calibration 
sequences to measure the mark and gap lengths so that 



equations 1-3 can be calculated. The circuitry and method 
for reading the calibration sequences will be described 
below. 

Circuitry and Method for Reading Calibration 
Sequences 

The following description pertains to processing one 
sector of a calibration sequence, it being understood that 
many calibration sectors are involved in each calibration 
procedure. FIG. 16 is a detailed block diagram of the read 
detector 217 (FIG. 1) and will explain the read operation to 
calculate the run-lengths in order to determine E(th). Analog 
read signals from data circuit 216 (FIG. 1) are sent on line 
942 to an analog-to-digital converter (ADC) 944 in read 
detector 217 for conversion into a sequence of multidight 
digital signals. The sequence of digital signals represents the 
amplitudes of the read signals with respect to time. Digital 
equalizer 946 processes the digital signal output of ADC 944 
to supply a sequence of equalized digital signals to edge 
detector 948 and threshold detector 950. Clock recovery 
circuit 952 is connected to edge detector 948 and threshold 
generator 950 in a read back clock servo loop, i.e., to 
generate a clock or timing signal based upon detecting 
transitions recorded on the optical disk. Edge detector 948 
supplies to mark-gap calculator 962 a sequence of detected 
transition-time indicating digital signals over multiline bus 
958. A transition-time indicates time of occurrence of a 
transition recorded on an optical disk, such as a magnetic 
transition in a M-0 disk. A sign P/N (indicates positive 
transition P or negative transition N) signal on line 960 
indicates transition-time polarity associated with each mul- 
tidigit digital representation of the transition-time. Mark-gap 
calculator 962, for distinguishing between marks and gaps, 
calculates the difference between two successive digitally- 
indicated transition-times. A read mark is indicated by a 
digitally-indicated leading positive (P) transition-time 
derived from a recorded mark-leading transition followed by 
a digitally-indicated trailing negative (N) transition-time 
derived from a recorded mark-trailing transition. A read gap 
is correspondingly indicated by a digitally-indicated trailing 
negative (N) transition-time derived from a recorded gap- 
leading transition followed by a digitally-indicated trailing 
positive (P) transition-time derived from a recorded gap- 
trailing transition. The digitally indicated transition-times 
are digitally amplitude qualified for rejecting noise. The 
edge detector 948 provides an output signal on line 955 and 
clock recovery circuit a clock signal on line 953, both of 
which are directed to PWM decoder 218 (FIG. 1) for use in 
the normal process of reading actual user data. 

A magnetic polarity transition in the calibration sequence 
results in an analog transition in the read signals. The digital 
values in the digital signals indicate analog read signal 
amplitude. For example, a presence of a magnetic domain 
results in a maximum signal amplitude while absence of a 
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magnetic domain is indicated by a minimum signal ampli- 
tude. This relationship of signal amplitude to the presence or 
absence of magnetic domains is based solely on circuit 
design. Amplitude qualification of the pulses is achieved by 
comparing the received digital signal values with a prede- 
termined amplitude threshold value. A predetermined num- 
ber of successive digital signals having values greater than 
the threshold value indicate the presence of a magnetic 
domain. The predetermined number is empirically deter- 
mined to represent an amplitude that excludes noise. 

Mark-gap calculator 962 orients its calculation based 
upon a sign for calculating duration of each mark, herein 
arbitrarily defined as elapsed time between a leading posi- 
tive (P) transition-time and a trailing negative (N) transition- 
time. Similarly, gap durations are measured as elapsed time 
between a leading negative transition-time and a trailing 
positive transition-time. 

Upon detecting either a mark or a gap, mark-gap calcu- 
lator 962 sends a duration indicating digital signal over bus L A ulse M modulation 0 tical drive of the type 
964 to mark-gap qualifier 966. Simultaneously to the bus 20 w i, m i„ A« fa nin L r u 

a, A • 1 m\ . j* *• • 1 1. ft / 0 . . ■ . M wherein data is run-length-urnited (RLL) encoded as mark 

964 signal, a mark (P) indicating signal on line 968 indicates 6 v 1 

a mark while a gap (N) indicating signal on line 968 
indicates a gap. Marks alternate with gap indications. Mark- 
gap qualifier 966, timed by clock recovery circuit 952, 
measures durations of marks and gaps to ensure that each 
mark has a greater duration than a predetermined minirnujii 
duration but not exceeding a predetermined maximum dura- 
tion. Gaps are duration qualified in the same manner. Hie 
minimum^ and maximums for marks and gaps are program- 
mable by controller 240. 

Synchronously to the first operation described above, 
second operations of the calibration circuitry in read detector 
217 accumulate calibration data for forwarding to controller 
240. The accumulated calibration data are forwarded to 
controller 240 at the completion of calibration operations in 35 
each calibration sector. 

Four registers R0 980, Rl 981, R2 982 and R3 983 
accumulate the calibration data. The letters "M" and "G" in 
the registers respectively indicate that mark and gap cali- 
bration data are stored in the registers. Registers R0 980 and 40 
Rl 981 respectively accumulate the total of mark and gap 
measured durations. Similarly, counting registers R2 982 
and R3 983 respectively total the number of marks and gaps 
detected while reading the recorded calibration sequence. 
Accumulation of the calibration information is timed and 45 
sequenced by mark-gap qualifier 966. Upon completing 
qualifying any mark or gap, mark-gap qualifier 966 sends a 
garymark indicating signal over line 988 to registers R0-R3 
to select registers R0 and R2 to accumulate mark informa- 
tion or registers Rl and R3 to accumulate gap information, so 
Registers R2 and R3 respond respectively to the gap/mark 
indicating a mark or a gap to tally the number of marks and 
gaps that have been measured. Similarly, register R0 and R2 
accumulate measured durations or widths of measured 
marks and gaps. A mark indicating signal on line 988 55 
activates register R0 to an active condition and deactivates 
register Rl. A gap indicating signal on line 988 activates 
register Rl to the active condition and deactivates register 
R0. Duration accumulation is achieved by mark-gap quali- 
fier sending a measured duration to sum calculator 992. Sum 60 
calculator 992 has a multidigjt adding register adder (not 
shown) for storing the received measured duration. Sum 
calculator 992 responds to receipt of the measured duration 

to read the active register R0 or Rl and add the contents of 4 ^ 

R0 or Rl to the just-received measured duration. The sum is 65 sponding to a respective gap run-length, 
then returned to the respective register R0 or Rl for accu- 3. The disk drive of claim 2 wherein the controller, in 
mulating all of the measured durations respectively for response to the recorded characteristic thermal interference 



marks and gaps. The above-described operations are 
repeated until the entire calibration sector has been read. 

Upon controller 240 detecting completion of reading each 
sector, it sequentially reads the contents of registers R0-R3 
for calculating additional later-described calibration param- 
eter data. Controller 240 supplies a register select signal on 
line 996 to activate serializer 998 to sequential read registers 
R0-R3, then serializes the read accumulated calibration data 
for transfer over line 999 to controller 240. Upon reading all 
four registers R0-R3, controller 240 resets registers R0-R3 
for any ensuing calibration. 

While the preferred embodiments of the present invention 
have been illustrated in detail, it should be apparent that 
modifications and adaptations to those embodiments may 
occur to one skilled in the art without departing from the 
scope of the present invention as set forth in the following 
claims. 
What is claimed is: 
no 

-length-limited (RLL) < 
run-lengths written on the disk by pulsed laser radiation, the 
disk drive comprising: 
an optical disk having a thermally responsive data layer, 
the disk having recorded on it information representa- 
tive of a characteristic thermal interference between 
mark run-lengths formed on the disk by the laser 
pulses; 

a laser for generating a light beam directed to the disk to 

heat the thermally responsive data layer; 
a motor for rotating the disk relative to the light beam; 
a laser driver connected to the laser for pulsing the laser 

at a plurality of power levels above a threshold power 

level to write data on the disk; 
a clock for generating timing signals with a characteristic 

cycle time; 

a pulse width modulation data encoder operable in, syn- 
chronization with the clock cycles and responsive to an 
input data stream for generating a data signal to be 
represented as mark run-lengths made on the disk by 
the laser pulses and gap run-lengths located between 
the mark run-lengths, a mark run-length being com- 
prised of a single submark or a series of contiguous or 
overlapping submarks, each submark being made as a 
result of the laser being pulsed at one of the power 
levels; 

a programmable modulator connected to the laser driver 
and responsive to the data signal from the data encoder 
for tirning the laser to pulse according to a first set of 
write patterns of pulses, each write pattern of pulses in 
the first set corresponding to a respective mark run- 
length; and 

a controller responsive to the recorded characteristic 
thermal interference information on the disk for pro- 
gramming the modulator to time the laser to pulse 
according to a second set of write patterns of pulses 
different from said first set of write patterns, each write 
pattern of pulses in the second set corresponding to a 
respective mark run-length. 
2. Hie disk drive of claim 1 wherein the modulator also 
times the laser to pulse during the gap run-lengths according 
to a first set of preheat patterns of pulses at a preheat power 
level less than the power level required to write data on the 
disk, each preheat pattern of pulses in the first set corre- 
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information on the disk, also programs the modulator to time 
the laser to pulse according to a second set of preheat 
patterns of pulses different from said first set of preheat 
patterns, each preheat pattern of pulses in the second set 
corresponding to a respective gap run-length. 5 

4. The disk drive of claim 3 further comprising memory 
storage coupled to the controller for storing a look-up table 
that includes (a) numbers representative of different values 
of characteristic thermal interference, (b) sets of write 
patterns, each write pattern set corresponding to one of the 10 
numbers in the look-up table, and (c) sets of preheat patterns, 
each preheat pattern set corresponding to one of the numbers 

in the look-up table. 

5. The disk drive of claim 1 wherein the recorded char- 
acteristic thermal interference information on the disk is 15 
represented by a number recorded on the disk. 

6. The disk drive of claim 1 wherein the recorded char- 
acteristic thermal interference information on the disk is 
represented by a calibration sequence of mark run-lengths 
and gap run-lengths recorded on the disk. 20 

7. The disk drive of claim 6 further comprising memory 
storage coupled to the controller for storing the calibration 
sequence, wherein the controller sends the calibration 
sequence to the modulator for timing the laser to pulse 
according to the mark m-lengths and gap run-lengths in the 25 
calibration sequence, whereby the calibration sequence is 
recorded on the disk. 

8. Hie disk drive of claim 6 further comprising read 
detection circuitry for measuring the lengths of mark run- 
lengths and gap run-lengths recorded on the disk and 30 
wherein the controller calculates a number representative of 
the characteristic thermal interference from said calibration 
sequence mark run-lengths and gap run-lengths measured by 
said read detection circuitry. 

9. The disk drive of claim 1 further comprising memory 35 
storage coupled to the controller for storing a look-up table 
mat includes (a) numbers representative of different values 

of characteristic thermal interference, and (b) sets of write 
patterns, each write pattern set corresponding to one of the 
numbers in the look-up table. 40 

10. The disk drive of claim 1 wherein the disk is a 
magneto-optic (M-O) disk. 

11. The disk drive of claim 1 wherein the disk is a 
phase-change write-once read-many (WORM) disk. 

12. The disk drive of claim 1 wherein the disk is a 45 
rewriteable phase-change disk. 

13. The disk drive of claim 1 wherein the disk has at least 
two magnetically coupled magnetic layers. 

14. A pulse width modulation optical disk drive of the 
type wherein data is run-length-limited (RIX) encoded as 50 
mark run-lengths written on the disk by pulsed laser radia- 
tion and gap run-lengths between the mark run-lengths, the 
disk drive comprising: 

an optical disk having a thermally responsive data layer, 
the disk having a thermal interference calibration 53 
sequence of mark run-lengths and gap run-lengths 
recorded on the disk; 

a laser for generating a light beam directed to the disk to 

heat the thermally responsive data layer, 
a motor for rotating the disk relative to the light beam; 
a laser driver connected to the laser for pulsing the laser 

at a plurality of power levels above a threshold power 
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level, one of said power levels being a preheat level less 
than the level required to write data on the disk; 
a clock for generating timing signals with a characteristic 
cycle time; 

a pulse width modulation data encoder operable in syn- 
chronization with the clock cycles and responsive to an 
input data stream for generating a data signal to be 
represented as mark run-lengths made on the disk by 
the laser pulses and gap run-lengths located between 
the mark run-lengths, a mark run-length being com- 
prised of a single submark or a series of contiguous or 
overlapping submarks, each submark being made as a 
result of the laser being pulsed at one of the power 
levels above the preheat level; 

a programmable modulator connected to the laser driver 
and responsive to the data signal from the data encoder 
for timing the laser to pulse according to a set of write 
patterns of pulses, each write pattern of pulses in the set 
corresponding to a respective mark run-length, and for 
tuning the laser to pulse during the gap run-lengths 
according to a set of preheat patterns of pulses at the 
preheat power level, each preheat pattern of pulses in 
the set corresponding to a respective gap run-length; 

read detection circuitry for measuring the lengths of mark 
run-lengths and gap run-lengths in the thermal inter- 
ference calibration sequence recorded on the disk; 

a controller for calculating a thermal interference value 
from the measured mark rim-lengths and gap run- 
lengths in the calibration sequence recorded on the disk 
and for programming the modulator to time the laser to 
pulse according to the set of write patterns and the set 
of preheat patterns; and 

a memory storage device coupled to the controller for 
storing a look-up table that includes (a) numbers rep- 
resentative of different values of thermal interference, 
(b) sets of write patterns, each write pattern set corre- 
sponding to one of the numbers in the look-up table, 
and (c) sets of preheat patterns, each preheat pattern set 
corresponding to one of the numbers in the look-up 
table; 

and wherein the controller selects a set of write patterns 
and a set of preheat patterns from the look-up table as 
a result of the calculated thermal interference value and 
programs the modulator to time the laser to pulse 
according to said selected set of write patterns and said 
selected set of preheat patterns. 

15. The disk drive of claim 14 further comprising memory 
storage coupled to the controller for storing the calibration 
sequence, wherein the controller sends the calibration 
sequence to the modulator for timing the laser to pulse 
according to the mark run-lengths and gap run-lengths in the 
calibration sequence, whereby the calibration sequence is 
recorded on the disk. 

16. The disk drive of claim 14 wherein the disk is a 
magneto-optic (M-O) disk. 

17. The disk drive of claim 14 wherein the disk is a 
phase-change write-once read-many (WORM) disk. 

18. The disk drive of claim 14 wherein the disk is a 
rewriteable phase-change disk. 

19. The disk drive of claim 14 wherein the disk has at least 
two magnetically coupled magnetic layers. 

***** 
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